REMARKS 

The invention relates to a transgenic mouse and a sperm cell comprising a 
mammalian retrotransposon. 

Claims 34 through 49 are pending in the present application. Claims 1-33 have 
been canceled in a Preliminary Amendment dated September 1, 2000. Claims 35, 45 and 48 
have been canceled in an Amendment filed on April 16, 2002. Therefore, claims 34, 36-44, 46, 
47 and 49 currently pending and under examination. 

Oath/Declaration 

The Examiner has indicated that the Oath/Declaration filed March 23, 2005 is 
defective. Specifically, the Examiner states that the previous Declaration of John Moran does 
not make reference to a Preliminary Amendment that was filed September 1 , 2000 in this 
divisional application. 

Applicants submit herewith a newly executed declaration of John Moran. 

Rejection of claims 34, 36-44, 46, 47 and 49 under 35 U.S.C. § 1 12, first paragraph 

The Examiner has maintained the rejection of claims 34, 36-44, 46, 47 and 49 
pursuant to 35 U.S.C. §112, first paragraph, for failing to comply with the enablement 
requirement. Specifically, the Examiner is of the opinion that the specification fails to provide 
an enabling disclosure for the claimed invention because the specification does not teach how to 
use the claimed transgenic mouse. The Examiner asserts further that the uses cited by the 
Applicants do not amount to a specific and substantial utility for the claimed transgenic mouse 
and sperm cell. Applicants respectfully submit that claims 34, 36-44, 46, 47 and 49 are enabled 
under 35 U.S.C. § 1 12 first paragraph for all of the reasons recited in the Responses to Office 
Actions dated April 16, 2002 and March 21, 2005, which are incorporated by reference herein in 
their entirety. Applicants make the following arguments. 

The present invention is based on the discovery that an isolated DNAc molecule 
comprising a promoter and an LI element can be introduced into a mouse in order to induce 
retrotransposition. Thus, the claimed invention encompasses both the transgenic mouse 
harboring the DNAc molecule and a sperm cell from the transgenic mouse. The Examiner is of 
the opinion that the specification fails to describe the transgenic mouse in such a way as to 
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enable one of ordinary skill in the art to make and use this invention. The use of the claimed 
transgenic mouse and sperm cell, set forth in the specification as filed and further elucidated 
below, reasonably correlate with the entire scope of the claim and therefore preclude the 
Examiner's rejection based on how to use the claimed invention. 

At page 28, lines 14-16, the specification as filed provides the skilled artisan with 
enablement for using the transgenic mouse in elucidating animal and human gene function and 
evaluating targets for gene therapy. Specifically, an LI -expressing transgenic animal is useful in 
studying the biology of mammalian retrotransposition. As little is known about the process of 
retrotranposition in mammals and its effect on the mammalian genome, retrotransposition animal 
models, such as a transgenic mouse, are extremely useful in understanding this process and its 
impact on disease. Recent studies have in fact linked retrotransposition to disease by showing 
that spontaneous muscular dystrophy in a mouse model was caused by a retrotransposition event 
in the mouse laminin alpha2 chain gene (Besse et al. 2003, Neuromuscl. Disorders 13:216-222, a 
copy of which is enclosed herewith). Further, many LI elements have reverse transcriptase 
activity (see specification, Example 3). As stated in the specification as filed on page 78, lines 
7-14, reverse transcriptases have had a profound effect on the human genome, for example in the 
processing of Alu elements and pseudogenes for genome diversity. Therefore, in utilizing an Ll- 
expressing transgenic animal to understand how retrotransposition occurs in mammals, it will 
provide necessary insight that is useful for studying human disease and may lead to potential 
therapeutics for treating these diseases. 

Applicants also submit herewith a copy of Ostertag et al. (2002, Nature Genetics 32:655- 
660) which demonstrates that Applicants were able to generate a transgenic mouse which 
expresses an LI element specifically in testis and ovary. Using this mouse model, Applicants 
were able to determine the frequency of the LI insertions as well as the mutagenic potential of 
the LI element in the animal. Applicants further submit herewith a copy of Prak et al. (2003, 
PNAS 100:1832-1837) which demonstrates that specific retrotransposition of the LI element 
occurred in vivo, specifically in cultured sperm cells from a Ll-EGFP (enhanced GFP) 
expressing transgenic mouse. These references also disclose non-lethal retrotransposon insertion 
sites in germ cells which have utility in the gene therapy field, for example, in determining 
potential vector insertion sites that are not harmful to the host subject. Taken together, these 
references provide support for Applicants assertion in the specification as filed that an LI 
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expressing animal model is useful in studying gene function and in evaluating targets for gene 
therapy. 

Therefore, the enabled uses set forth by the Applicants reasonably correlate with 
the scope of the claimed invention. Further, the MPEP §2164.01 provides that if any uses are 
enabled when multiple uses are disclosed, the application is enabling for the claims. For the 
reasons discussed above, Applicants respectfully request that the rejection of the claims under 35 
U.S.C. § 1 12, first paragraph, for lack of enablement, be reconsidered and withdrawn. 



7 



Summary 

Applicants respectfully submit that each rejection of the Examiner to the claims of 
the present application has been overcome and that claims 34, 36-44 5 46, 47 and 49 are now in 
condition for allowance. Reconsideration and allowance of these claims is respectfully requested 
at the earliest possible date. 



Respectfully submitted, 
Haig Kazazian et al 
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The L1 retrotransposon has had an immense impact on the size 
and structure of the human genome through a variety of mech- 
anisms, including insertional mutagenesis 1 - 2 . To study retro- 
transposition in a living organism, we created a mouse model 
of human L1 retrotransposition. Here we show that L1 ele- 
ments can retrotranspose in male germ cells, and that expres- 
sion of a human L1 element under the control of its 
endogenous promoter is restricted to testis and ovary. In the 
mouse line with the highest level of L1 expression, we found 
two cte novo LI insertions in 135 offspring. Both insertions 
were structurally indistinguishable from natural endogenous 
insertions. This suggests that an individual L1 element can have 



substantial mutagenic potential. In addition to providing a 
valuable in vivo model of retrotransposition in mammals, these 
mice are an important step in the development of a new ran- 
dom mutagenesis system. 

LI retrotransposons are directly or indirectly responsible for an 
estimated one-third of the human genome 1 . Of the approxi- 
mately 500,000 LI sequences in the human diploid genome, 
40-80 remain active (that is, retrotranspositionally competent) 
and are a source of de novo mutations in humans 1 " 3 . Although a 
number of these recent LI insertions have been characterized, it 
has not yet been possible to determine in which cells or when 
these events occur. 
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Fig. 1 Transgenic mouse lines, a. The transgene used to create the GFP- positive 
control line consisted of a modified EGFP gene that contained a preproacrosin 
promoter (pAc and bent arrow) and an acrosin signal peptide (ASP). Aero 
somes of sperm from sexually mature males of this line fluoresced under ultra- 
violet (UV) light (right panel). The left panel shows the same sperm under 
visible light, b, The modified EGFP-based retrotransposition cassette. The LI 
element consists of 5' and 3' UTRs and two open reading frames (ORFs). The 5' 
UTR contains an internal promoter 14 , ORF1 encodes an RNA binding pro- 
tein 27 - 28 , and ORF2 encodes an endonuclease (EN) 20 , a reverse transcriptase 
(RT) 29 and a conserved cysteine-rich domain (Q 3 ° The EGFP retrotransposition 
cassette was cloned into the L1 3' UTR in the antisense orientation. It consisted 
of the preproacrosin promoter (pAc) and acrosin signal peptide (ASP), the 
EGFP gene disrupted by a sense orientation y-globin intron (intron) and the 
thymidine kinase polyadenylation signal (pA). The splice donor (SD) and splice 
acceptor (SA) sites of the intron are indicated, c. Types of experimental trans- 
genic lines. The male germ line-specific EGFP retrotransposition cassette was 
cloned into the 3' UTR of human L1 elements to create three types of trans- 
genic lines. The transgenes were (i) L1 RP under the control of its endogenous 
promoter (5' UTR and bent arrow), (ii) L1 RP under the control of pPol II and its 
endogenous promoter and (iii) L1 RP containing missense mutations in ORF1 
that abolish retrotransposition (approximate location of mutations indicated 
by asterisks) 4 , as a negative control. The number of transgenic lines created for 
each transgene type is indicated in parentheses. 
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Fig. 2 L1 transgene expression in germ cell frac- 
tions, a, Strand-specific RT-PCR showing expres- 
sion of the tagged LI elements in spermatogenic 
fractions. We used an oligonucleotide primer 
specific for the E6FP gene to selectively reverse- 
transcribe transcripts originating from the L1 
promoter. We then added a second oligonu- 
cleotide primer specific for the 3' UTR of the LI 
element to carry out PCR. A product of 370 bp is 
diagnostic of a tagged L1 transcript, b, RT-PCR 
results from the pachytene-spermatocyte (P), 
round-spermatid (R) and condensing-spermatid 
(O fractions from alt of our transgenic lines 
(upper panel). We did RT-PCR using mouse 
Gapdh primers as a control (lower panel). Lanes 
containing 1-kb molecular weight marker (mw) 
and RT-PCR of a water negative control (w) are 
indicated. P, pachytene spermatocytes; R, round 
spermatids; C, condensing spermatids. 
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A cultured-cell assay has been valuable for the study of Ll 
retrotransposition in a variety of transformed cell lines 4 . But cell 
culture experiments require retrotransposition from an episome 
to a chromosome, whereas natural retrotransposition occurs 
between chromosomal locations. In addition, natural retrotrans- 
position in an organism probably differs from that in trans- 
formed cells in the factors used to control the timing and 
cell- type specificity of transcription as well as in other aspects. 

Previous work on mouse Ll elements suggests that Ll expres- 
sion is germ line-specific. Full-length, sense-strand Ll transcripts 
have been detected in prepuberal spermatocytes concomitantly 
with ORF1 protein 5 . Additionally, ORF1 was detected in germ 
cells of both male and female mice, Leydig cells of embryonic 
testis and theca cells of adult ovary 5,6 but not in normal somatic 
tissue. Ll retrotransposition has not, however, been demon- 
strated experimentally in any cell type in a living organism. 
Therefore, we created a mouse model of Ll retrotransposition to 
increase our understanding of Ll biology and to obtain an esti- 



Table 1 • Tissue distribution of L1 transgene expression 
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RT-PCR was done on RNA of various tissues of all transgenic lines. 0, no signal; asterisks, signal of varying intensity; nd, 
results of multiple experiments were equivocal. 



mate of th e impact of human Ll ele^ 
men ts as insertional mutagens . 

As a positive control, we created 
transgenic mice that express enhanced 
green fluorescent protein (EGFP) in the 
male mouse germ line and produce 
sperm with fluorescent acrosomes 7 
(Fig. la). We then cloned an antisense 
intron into EGFP to create a retrotrans- 
position cassette similar to that used in 
our cell culture assay 8 (Fig. lb). EGFP 
transcripts arising from the marker's 
promoter before retrotransposition 
contain an antisense intron that cannot be spliced and, there- 
fore, do not produce functional EGFP. A transcript from the Ll 
promoter that contains the antisense EGFP marker can be 
spliced, however, thereby removing the intron from the EGFP 
coding region. Cells express EGFP only after reverse transcrip- 
tion and integration of the intronless cDNA into chromosomal 
DNA. Therefore, the marker produc es functio nal EGFP on ly 
after a retrotransposition event has occurred in male germ c ells. 
We created three types of transgenic lines by cloning the cas- 
sette into the 3' untranslated region (UTR) of three variants of 
L1 RP , the most active human element in cell culture 9,10 (Fig. \c): 
(i) L1 RP , (ii) L1 RP with an additional promoter, the mouse RNA 
polymerase II large subunit promoter (pPol II) and (iii) JM11 1, 
an LI RP with two missense mutations in ORF1 that, unlike 
other Ll mutations characterized to date, completely abolish 
retrotransposition in cultured cells 4,8 . 

We purified pachytene spermatocytes, round spermatids and 
condensing spermatids from each of the mouse lines 11 and car- 
ried out strand-specific 
RT-PCR to verify expression 
of the Ll transgene (Fig. 2a). 
We detected expression of the 
tagged Ll transgene in all of 
the transgenic lines (Fig. 2b). 
We did RT-PCR using primers 
for mouse glyceraldehyde-3- 
phosphate dehydrogenase 
(Gapdh) to ensure that similar 
amounts of DNA were used in 
each reaction. Because the 
Gapdh promoter is silenced as 
spermatogenesis progresses, 
the Gapdh band intensity can- 
not be used to compare RNA 
amounts from one fraction to 
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another (for example, a pachytene-spermatocyte fraction to a transcription 18 . We purified and sequenced several RT-PCR 
round-spermatid fraction), but it can be used to compare products. The products were of the expected sequence, confirm- 
within a fraction (for example, the pachytene-spermatocyte ing precise splicing of the intron. 

fraction from one line to the pachytene-spermatocyte fraction To provide a rough estimate of t he frequency of retrotranspo-, 
from another line). Notably, the Gapdh primers also amplify sition, we diluted RNA from the GFP control line into RNA from 
products from Gapd-s, a sperm-specific isoform of Gapdh that a JM1 11 negative control line to produce a dilution series. We 
increases in abundance as spermatogenesis progresses 12 , used semi-quantitative RT-PCR to compare the experimental 
Therefore, as Gapdh decreases in intensity, Gapd-s increases, lines to the dilution series, and estimated that retrotransposition 
providing an additional confirmation of the germ-cell fraction occurred in pPol II line 1 at around 1/1,000 spermatids and in 
enrichment. In all RT-PCR experiments, we included RT- other lines at somewhat lower frequencies. These are probably 
minus controls for which we did not detect bands, indicating underestimates of retrotransposition frequencies because the 
that the RNA was not contaminated by DNA (data not shown), amount of GFP RNA produced in a spermatid from a single- 
In both of the pPol II lines, we found high expression of LI in copy GFP retrotransposition event is probably lower than that 
early spermatocyte fractions, which diminished in later frac- produced from a multi-copy GFP transgene. This predicted 
tions. This pattern corresponds well to the expression pattern of reduction in RNA level is supported by the lower fluorescence of 
most mammalian promoters, which are silenced as spermatoge- positive sperm from the pPol II line compared with positive 
nesis progresses 13 . In the lines driven by the LI promoter alone, sperm from the GFP-positive control line (Fig. 3c). 
however, including the JM 111 negative control lines, we found 
consistent expression throughout spermatogenesis. Notably, the 
human LI promoter is expressed highly in male germ cells 
despite its differences from the various mouse LI promot- 
ers 14 " 17 , suggesting that similar t runs- acting factors act on both 
promoters. Expression levels varied between transgenic lines 
and did not correlate with the estimated transgene copy number 
(data not shown). Strand-specific RT-PCR showed that tran- 
scription from the LI promoter was restricted to the testis and 
ovary, whereas the pPol II promoter permitted transcription in 
other tissues (Table 1). 

We first tested for the spliced EGFP mRNA that we expected to 
occur with retrotransposition by carrying out strand-specific 
RT-PCR on the condensing spermatid fractions (Fig. 3a). As 
expected, JM111 negative control lines showed no evidence of 
retrotransposition although they demonstrated expression from 
the transgene (Fig. 3b). In both lines driven by the pPol II pro- 
moter and one line (line 4) driven by the endogenous promoter, 
we detected retrotransposition- Those three lines expressed the 
highest levels of LI RNA in pachytene spermatocytes, suggesting 
that the frequency of retrotransposition correlated with the 
strength of LI expression in early germ-cell development. In this 
assay, functional EGFP transcript could only result from a 
double-stranded DNA containing the intronless EGFP marker, 
which could only exist if an EGFP-tagged LI was transcribed, 
spliced and reverse- transcribed (that is, if a retrotransposition 
event had occurred). During LI retrotransposition, the reverse 
transcription and chromosomal integration steps occur simulta- 
neously during a coupled reaction termed target-primed reverse 
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Fig. 3 Expression from retrotransposition events in condensing-spermatid frac- 
tions, a. We carried out strand-specific RT-PCR to detect EGFP expression from 
retrotransposition events. An oligonucleotide primer specific for EGFP was 
used to selectively reverse-transcribe RNA arising from the preproacrosin pro- 
moter. We expected two types of transcripts to arise from this promoter: those 
with an intron, which come from the transgene (1,244 bp), and those without 
an intron, which can only arise from a retrotransposition event (343 bp). We 
then did PCR after addition of an oligonucleotide primer flanking the intron. 
b, RT-PCR results from the condensing-spermatid fractions from all transgenic 
lines and the GFP-positive control line (upper panel). To obtain a minimum esti- 
mate of the retrotransposition frequency, we diluted condensing spermatid 
RNA from the GFP control line into condensing spermatid RNA from a negative 
control line to produce a dilution series. RT-PCR using mouse Gapdh primers 
was done as a control to ensure that similar amounts of DNA were used in each 
reaction (lower panel). Lanes containing a 1-kb molecular weight marker (mw) 
and RT-PCR of a water negative control (w) are indicated, c. Detection of retro- 
transposition by fluorescence microscopy. We isolated sperm from pPol II linel 
and found that some sperm had fluorescent acrosomes when viewed under 
ultraviolet (UV) light (left panels). On the right are the same sperm under visi- 
ble light. These pictures were taken with black and white film because it is 
more sensitive to low light than color film. 
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Fig. 4 PCR of germ-cell DNA to detect ret rotra reposition, a. The 
transgene included EGFP containing a lob in intron of 901 bp 
and would produce a band of 1,244 bp. A retrotransposition event 
would remove the intron and produce a band of 343 bp. b. We did 
PCR to detect EGFP on genomic DNA isolated from pachytene- 
spermatocyte (PS), round-spermatid (RS) and condensing-spermatid 
(CS) fractions from pPol II line 1 (upper panel). We created a dilution 
series by mixing plasmid DNA containing EGFP with genomic DNA 
from negative control line 2 (estimated copies of GFP per diploid 
genome are indicated). We did control PCRs on EGFP-containing 
plasmid (EGFP), water (w) and genomic DNA from negative control 
line 2 (neg2). A lane containing a 1-kb molecular weight marker is 
indicated (mw). We carried out a control PCR on neg2, PS, RS and CS 
genomic DNAs using mouse factor VIII primers to confirm that simi- 
lar amounts of DNA were used in each reaction (lower panel}. 
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To improve the estimate of the frequency of retrotransposition, 
we carried out PCR of genomic DNA from pPol II line 1 sper- 
matogenic fractions (Fig. 4a). Using a dilution series consisting of 
plasmid DNA containing GFP sequences mixed with genomic 
DNA from a negative control line, we estimated that 1/100 sper- 
matids or more contained a retrotransposition event (Fig. 4 b). 

Realizing that the RT-PCR and PCR results were only order- 
of-magnitude estimates of the frequency of retrotransposition, 
we sought formal proof that LI retrotransposes at a high fre- 
quency in this mouse model by characterizing LI insertions in 
the offspring of transgenic males of pPol II line 1. We bred F 2 and 
F 3 pPol II line 1 males and recovered 135 offspring. In these off- 
spring, we found two retrotransposition events. Using inverse 
PCR, we characterized the insertions and found that they were 
typical of endogenous LI retrotransposition events. 

One insertion was 1 .9 kb in length, contained a poly(A) + tail of 
63 bp, had an inversion and was flanked by target-site duplica- 
tions of 14 bp (Fig. 5a). The inversion occurred at the 5' end and 
contained a deletion of 73 bp at the point of inversion. The last 
three nucleotides at the end of the 5' target-site duplication were 
complementary to the nucleotides just proximal to the inversion 
point on the LI RNA, suggesting that the inversion was produced 
by twin priming, a proposed mechanism for the creation of LI 
inversions 19 . The predicted cleavage site was typical of LI 
endonuclease sites, 5'-TTTT/AA-3' (refs 20-22). This insertion 
segregated from the transgene in the subsequent generation. 

The second insertion was 4.3 kb in length, contained a 
poly(A) + tail of 92 bp and was flanked by target-site duplications 
of 6 bp (Fig. 5b). Again, the predicted cleavage site was typical of 
that used by the LI endonuclease. But the mouse that inherited 



this insertion did not inherit the transgene, not only 
indicating that retrotransposition almost certainly 
occurred from one chromosome to another but also 
strongly suggesting that the event occurred before the 
end of meiosis I. This result demonstrates that LI ele- 
ments can retrotranspose during male gametogenesis. 
Our model shows high-frequency chromosome-to-chromosome 
retrotransposition of a human LI element in the male germ line 
of an experimental animal. The in vivo insertions were indistin- 
guishable structurally from endogenous LI insertions in mam- 
mals. The observed retrotransposition frequency varied with the 
genomic context of the transgene and was highly correlated with 
the amount of LI transcript present in the pachytene spermato- 
cytes. In three of the four transgenic lines in which the endoge- 
nous promoter alone was used to drive LI transcription, the level 
of expression in the pachytene spermatocytes was low, and the 
frequency of retrotransposition was below our limit of detection. 
In the fourth line, the level of expression in the pachytene sper- 
matocytes was similar to that in the lines driven by the pPol II 
promoter, and the frequency of retrotransposition was roughly 
one-half that of pPol II line 1 , as estimated by RT-PCR (Fig. 3b). 
We also found a correlation between LI expression level and 
retrotransposition frequency in experiments using cultured cells 
(data not shown). 

Among the 40-80 potentially active LI elements in the human 
genome, some are older and common to all humans, whereas 
others are younger, and their presence is polymorphic. The 
younger elements are more active in cell culture 2,10 * 23 , though 
most are far less active than Ll RP owing to mutations that attenu- 
ate their ability to retrotranspose. The few very active elements 
are highly polymorphic. Therefore, each individual has a differ- 
ent complement of such Ll elements, only some of which reside 
in genomic regions that permit expression. This raises the ques- 
tion of how such a small number of potentially active Ll ele- 
ments can impose such a high mutational load on the genome. 
Prior crude estimates of the frequency of Ll retrotransposition 
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Fig. 5 L1 insertions in transgenic mice, a. Insertion #1 was 
t.9 kb in length and contained an inversion of the 5' end 
with a deletion of 73 bp at the inversion point, a common 
occurrence in L1 retrotransposition. A 63-bp poly(A) + tail 
was added after the SV40 poly(A)+ signal, and the insertion 
was flanked by 14-bp target-site duplications (TSDs, 
sequence shown in capital letters). Flanking sequence is 
shown in lower-case letters, b. Insertion #2 was 4.3 kb in 
length and contained a 92-bp poly(A) + tail added after the 
SV40 poly(A)* signal, and the insertion was flanked by 6-bp 
target-site duplications (TSDs, sequence shown in capital 
letters). The Ll inserted into intron 1 of a predicted gene 
{mCG57584 from Celera Discovery System) on chromosome 
9. Comparison of insertions #1 and #2 with their respective 
empty site sequences showed neither added nor deleted 
nucleotides other than the target-site duplications. 
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based on mutation rates in specific genes and overall mutation 
rates in germ cells ranged from 1 in 12 to 1 in 140 haploid 
genomes 24,25 . Our data suggest that a single very active human 
LI can retro transpose at a rate that is well within the range of 
previous empirical estimates when residing in a genomic locus 
that permits a high rate of transcription during spermatogenesis. 

Our LI retrotransposon mouse model will be valuable in 
answering a number of questions concerning the biology of 
mammalian retro transposition. Is LI retrotransposition in mice 
suppressed after multiple generations, analogous to retrotrans- 
position of I factor in Drosophila melanogaster 26 '? What are the 
factors that allow transcription and retrotransposition of LI ele- 
ments in the germ line, but suppress somatic cell transcription? 
Do defects in methylation or DNA double-strand-break repair 
increase the frequency of retrotransposition in germ cells? 
Human LI transgenes may also be useful as random insertional 
mutagens for determining gene function in mice. 

Methods 

Cloning of transgenes. We created clone pBSKS-AcEGFP-INT (a male 
germ line-specific EGFP retrotransposition cassette) by carrying out a 
three-way ligation with an approximately 2,960-bp fragment from pBlue- 
script KS(-) (Stratagene), a 453-bp XhoUSaR fragment from pGES36- 
TKpolyA (a pi asm id containing the EGFP retrotransposition cassette with 
a thymidine kinase poly(A) + signal) and a 2,395-bp HindlWXhol frag- 
ment from pR)D538. We cloned the AcEGFP cassette as an Xmal/blunted 
Sail fragment into the 3' UTR of LIrp (pJCC5-L1rp (ref. 8) cut with 
Xma\IBstZ\7\) to create pBS-LiRp- AcEGFP or into the 3' UTR of 
LIrpOMI 11), the L1 RP element containing two missense mutations in the 
ORF1 coding region, (pJCCS-LlRpOMlll)) cut with Xmal/BstZUl) to 
create pBS-LlRp(JMl I l)-AcEGFR We cloned the tagged LIrp from pBS- 
LIrp- AcEGFP as a Nofl/blunted Apal fragment into the multiple cloning 
site of pRJD099 (promoter-less CEP4-based vector) cut with Nbrl/blunted 
5/jI to create p99-LlRp-AcEGFP or into the Nbrl/blunted Apal-digested 
multiple cloning site of pRJD907 (CEP4-based vector containing the 
mouse pPol II promoter in place of the CMV promoter) to create p907- 
LIrp-AcEGFR We similarly cloned the tagged L1rp(JM1 1 1) element from 
pBS-LlRpdMHO-AcEGFP into pRJD099 to create p99-Ll RP (JMlll)- 
AcEGFR We purified transgenes using Elutip-D mini-column (Schleicher 
& Schuell). The purified transgenes were microinjected into fertilized 
mouse oocytes {strain B6SJF1 ) by the University of Pennsylvania School of 
Medicine Transgenic & Chimeric Mouse Core Facility. 

LI expression assay. To detect expression of the tagged LI transgene, we 
carried out a strand- specific RT-PCR with the OneStep kit (Qiagen) in 
50 ul volume using 500 ng of RNA per reaction. We added oligonu- 
cleotide 1239+ during the reverse transcriptase step (30 min at 50 °C) to 
selectively reverse- transcribe transcripts arising from the LI promoter (as 
opposed to the EGFP promoter) and then added oligonucleotide 
LI 6045(30) before the PCR step. Our PCR conditions included an initial 
step at 95 °C ( 1 5 min), 30 cycles of amplification (30 s at 94 °C, 45 s at 50 °C, 
1 min at 72 °C) and a final step at 72 °C ( 10 min). We did RT-minus controls 
by setting up identical reactions in parallel and leaving the reactions on ice 
during the reverse transcription step. We used a PTC- 200 Peltier Thermal 
Cycler (MJ Research) for RT-PCR. We digested samples for 30 min at 37 °C 
with 0.5 ul (250 ng) DNase-free RNase (Roche) and then analyzed samples 
by separating aJiquots on a 1.0% agarose gel. We did control RT-PCRs 
using mouse G a pdh -specific oligonucleotides mGAPDHS' and 
mGAPDH3'. We did 30 cycles of amplification (30 s at 94 °C, 45 s at 58 °C, 1 
min at 72 °C) followed by a final step at 72 °C for 10 min. All primer 
sequences are available upon request. 

Detection of retrotransposition events by RT-PCR. To detect expression 
from the EGFP gene of retrotransposition events, we carried out strand- 
specific RT-PCR as described above, except that we added oligonucleotide 
GFP1310R during the reverse transcriptase step to selectively reverse - 
transcribe transcripts arising from the EGFP promoter. We added 
oligonucleotide GFP968F before the PCR step. Our PCR conditions 
included an initial step at 94 °C ( 10 min), 35 cycles of amplification (10 s 



at 94 °C, 30 s at 66.8 °C, 30 s at 72 °C) and a final step at 72 °C (10 min). 
We did RT-minus controls by setting up identical reactions in parallel and 
leaving the reactions on ice during the reverse transcription step. 

DNA sequence analysis. We used 35 ng of RT-PCR product and 3.2 pmol 
oligonucleotide primer GFP968F for sequencing reactions, which were 
done using ABI 377 and 373A Stretch sequencers (DNA sequencing core, 
University of Pennsylvania). 

PCR of spermatogenic DNA. We isolated genomic DNA from spermato- 
genic germ-cell fractions with a Blood and Cell Culture DNA Mini Kit 
(Qiagen). To make a standard reference, we diluted pEGFP-Nl into 
round-spermatid fraction genomic DNA from negative control line 2 at 
1/1,000, 1/100, 1/10 and 1 copies per haploid genome. We carried out 
PCR on 500 ng genomic DNA from all fractions with EGFP-specific 
primers GFP968F and GFP 1 3 1 OR. We did amplifications in 50 ui contain- 
ing 1.25 U Taq DNA polymerase (Roche), lx PCR reaction buffer 
(Roche), 0.2 mM of each dNTP, 200 ng of each oligonucleotide primer 
and approximately 500 ng genomic DNA. Our PCR conditions included 
an initial step at 94 °C (10 min), 35 cycles of amplification (10 s at 94 °C, 
30 s at 66.8 °C, 30 s at 72 °C) and a final step at 72 °C (10 min). We did 
control PCR on genomic DNA from pachytene-spermatocyte, round- 
spermatid and condensing- spermatid fractions from pPol II mouse line 1 
and control round-spermatid fraction genomic DNA from negative con- 
trol mouse line 2 using mouse factor VIII -specific primers. The oligonu- 
cleotides used for PCR were MC- 18 and MC-19. We did amplifications in 
50 ul containing 1.25 U Taq DNA polymerase (Roche), lx PCR reaction 
buffer (Roche), 0.2 mM of each dNTP, 200 ng of each oligonucleotide 
primer and approximately 500 ng genomic DNA. Our PCR conditions 
included an initial step at 94 °C ( 10 min), 35 cycles of amplification (10 s 
at 94 °C, 30 s at 58.4 °C, I min at 72 °C) and a final step at 72 °C (10 min). 
We analyzed samples by separating aliquots on a 1 .0% agarose gel. 

Transgenic mice. We bred all founder mice with non- transgenic 129/SV 
mice (Jackson Laboratories) to establish stable transgenic lines. In subse- 
quent matings, we bred transgenic mice with non-transgenic 129/SV mice. 
The transgenic mouse protocol, titled "A human transposable element", 
was reviewed by the Institutional Biosafety Committee of the University of 
Pennsylvania and was approved on 28 April 2000. The protocol was 
reviewed by the Institutional Animal Care and Use Committee of the Uni- 
versity of Pennsylvania and approved on 24 July 2000. 

Characterization of insertions by inverse PCR. We digested genomic 
DNA with either Sphl (for insertion # 1 ) or Aflil (for insertion #2) and car- 
ried out self-ligations on restricted fragments at low DNA concentrations. 
After ethanol precipitation, we subjected 400 ng of ligated DNA to an ini- 
tial round of PCR using the primer set 1 EGFPBRDB1 and 2EGFPDOWN 
with the Expand Long Template PCR System (Roche). We used a 2-|il 
aliquot from this reaction in a second -round nested PCR reaction using 
the primer sets 3EGFPUP and 5NEOGFPDOWNB for insertion #1 and 
3EGFPUP and 4EGFPDWN 1 for insertion #2. We isolated PCR products 
following gel electrophoresis. We obtained the sequence flanking the 3' end 
of the LI inserts using an oligonucleotide annealing at the end of the LI 
poly(A) + tail, 5' A23T 3'. We identified insertion sites for insertion #1 and 
#2 in entries GA_x5J8B7TT2F0 and GA_x5J8B7W3MYM, respectively, of 
the Celera Discovery System mouse genome database. Based on this 
sequence, we amplified insertion #2, together with about 320 nt of 5' flank- 
ing DNA, using primers situated in the EGFP cassette (3EGFPUP) and 
flanking region (4AFL1AT5P2). We also amplified the entire insertion #1 
using primers in the 5' and 3' flanking DNA, B141SPH3P2 and 
D141SPH5P4. We cloned PCR fragments into the vector pCR2.1 (Invitro- 
gen) and sequenced them in their entirety. 
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Long interspersed nuclear elements 1 (L1) are active retrotrans- 
posons that reside in many species, including humans and rodents. 
L1 elements produce an RNA intermediate that is reverse tran- 
scribed to DNA and inserted in a new genomic location. We have 
tagged an active human L1 element (L1 RP ) with a gene encoding 
enhanced GFP (EGFP). Expression of GFP occurs only if L1-EGFP has 
undergone a cycle of transcription, reverse transcription, and 
integration into a transcriptionally permissive genomic region. 
We show here that L1-EGFP can undergo retrotransposition in vivo 
and produce fluorescence in mouse testis. The retrotransposition 
event characterized here has occurred at a very early stage in the 
development of an L1-EGFP transgenic founder mouse. 

LI transgenic mice | enhanced GFP 

Long interspersed nuclear elements 1 (LI) are autonomous 
retrotransposons (1, 2). There are ~40-80 active LI ele- 
ments in the human diploid genome (3, 4). Despite this rather 
unimpressive number, there are ^500,000 inactive LI elements, 
such that ~17% of the mass of the genome is comprised of LI 
sequences (5). The activity of Lis has contributed significantly 
to the shaping of the human genome. It is likely that LI 
machinery has been "hijacked" by Alu elements, which are 
present in > 1,000,000 copies per haploid genome (6, 7). Lis also 
contribute to processed pseudogene formation (8, 9). The dem- 
onstration that Lis can shuffle exons in cultured cells further 
highlights their evolutionary significance (10-12). Conversely, 
mammalian genomes may have co-opted the functions of trans- 
posabie elements for their maintenance. For example, the en- 
zyme telomerase has significant homology to the Ll reverse 
transcriptase (13). 

Studying Lis is difficult because they are scattered in large 
numbers throughout the genome. To date, the activity of Lis in 
vivo has been inferred from the recovery of insertions that have 
been inherited and cause disease (14). Studies in the mouse have 
surveyed Ll RNA and ORF1 protein expression in various 
tissues (15, 16). However, until recently, a direct assay of Ll 
retrotransposition in mice has been lacking (17). We are inter- 
ested in determining which tissues and cell types in the mouse are 
competent to support Ll retrotransposition. To approach this 
question, we took advantage of a cultured cell assay of retro- 
transposition (18). Instead of using neomycin phosphotransfer- 
ase, we used enhanced GFP (EGFP) as a tag to track Ll 
insertions in vivo (17, 19). EGFP is expressed only when the Ll 
element undergoes a cycle of transcription, reverse transcription, 
and integration into a genomic site that permits EGFP tran- 
scription (Fig. la). 

Here we document retrotransposition of the Ll-EGFP trans- 
gene in vivo. On retrotransposition, the EGFP reporter is 
activated: green fluorescence is observed in the testes of mice 
that inherit the insertion. Genetic and phenotypic analysis of the 
mouse in which the insertion arose demonstrates that the 
insertion occurred at an early stage of development. These and 
other studies (17) indicate that tagged Ll transgenes may be used 
to study Ll biology in vivo. These Ll-EGFP mice also illustrate 
an application for tagged Ll transgenes as cell lineage markers. 

Materials and Methods 

Transgene Construction. A fragment containing the entire LIrp 
retrotransposon (20) up to the unique Bst2A.ll site at position 
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5964 in the 3' UTR was cloned into a pBS (KS-) shuttle vector 
containing a genetically engineered L1.2 3' UTR (18, 20). A 
linker (AAAAAAGTATACGTAAAAAAACCCGGGG- 
GGA, gift from Eric Ostertag, University of Pennsylvania, 
Philadelphia) was cloned into the BstTATx and Xmal sites (which 
were preserved in the linker) with a unique Sna\$l site corre- 
sponding to position 5967 in the Ll 3' UTR (18). The EGFP 
marker [cytomegalovirus (CMV)-EGFPint-tkpA] was inserted 
via the SnaBl and Xmal sites of the linker in JCC5-RPs-SnaBl. 
The RP-EGFP fragment was directionally cloned into a pCEP4 
derivative (pol II-RJD99, a gift from Ralph DeBerardinis, 
University of Pennsylvania) that contained the mouse RNA 
polymerase II (large subunit) promoter (pol II) (21). A negative 
control construct was cloned by swapping part of RP with JM1 1 1. 
JM111 contains a human Ll element with mutations in ORF1 
that abrogate retrotransposition activity (18). To clone JM111- 
RP-EGFP, JMU1 and CMV-RP-EGFP (19) plasmids were 
isolated from dam-dem- bacteria. This allowed us to use the 
(normally methylated) unique Bell site in Ll to swap the 
downstream portion of Ll and the EGFP marker from CMV- 
RP-EGFP into pJMlll, creating a hybrid but nonfunctional Ll 
element. The transgene and negative control constructs were 
tested in a transient cell culture assay for EGFP expression (19). 
A similar construct has been used to make transgenic mice 
(JM111-EGFP) that lack genetically detectable retrotransposi- 
tion events (17). The Ll-EGFP transgene was liberated from 
the pCEP4 backbone by combined Sail + Mlul digestion and 
agarose gel electrophoresis, band purified (Gene Clean, Bio 101) 
followed by an Elutip column (Schleicher & Schuell). Three lines 
of Ll-EGFP transgenic mice were produced (lines 57, 59, and 
63). These transgenic mouse studies were approved by the 
University of Pennsylvania Institutional Animal Care and Use 
Committee. 

PCR Primers. The primers, sequences, and uses are as follows: 
6896rev, TATATCTCCCAATGCTATCC, inverse PCR (IPCR); 
SV40for, ATGATAAGATACATTGATGAGTTTGGA, IPCR; 
SV40rev, TCCAAACTCATCAATGTATCTTATCAT, RT-PCR; 
HSVtkrev, AAGGCGATGCGCTGCGAATCGG, RT-PCR; 
geno5, TTTATTG CCG ATCCCCTCAG A AG AA, genotyping; 
geno3, TTCAAGGACGACGGCAACTACAAGA, genotyping; 
6032for, AACACCCGTGCGTTTTATTC, intron PCR; and 
6543rev, CAGCCCAGTTAGTCCTCTGC, intron PCR. 

IPCR. Five to 10 fLg of genomic DNA were digested for 4 h with 
Sspl, extracted with phenol then chloroform, and subjected to 
overnight ligation in a 0.6-ml volume. The ligation products were 
reextracted, ethanol precipitated, and subjected to PCR ampli- 
fication by using inverse IPCR primers situated just upstream of 
the SV40 polyA signal (SV40for) and just downstream of the 
EGFP cassette (6896rev). IPCR was carried out with the Expand 
Long kit using buffer system 1 following the manufacturer's 
directions (Roche, Nutley, NJ). The 4.3-kb amplicon was gel 



Abbreviations: Ll, long interspersed nucleotide element 1; EGFP, enhanced GFP; IPCR, 
inverse PCR; CMV, cytomegalovirus; MIE, major immediate early; SV, simian virus; pol II, 
polymerase II large subunit promoter. 
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Fig. 1. Retrotransposition of L1-EGFP. (a) Schematic of the L1-EGFP transgene and its retrotransposition. U transcription is driven by the mouse RNA pol II 
promoter in addition to the L1 5' UTR (21). The EGFP gene is in the antisense orientation relative to LI. EGFP (green) is situated in the 3' UTR (hatched) of L1 
and is interrupted by the mouse y-globin intron. The intron is in the same transcriptional orientation as L1 (18). Therefore, when the LI sense-strand transcript 
is processed, the y-giobin intron is spliced out. The EGFP gene is driven by the human CMV MIE promoter (pCMV-MIE) and has an H5V thymidine kinase 
polyadenylation sequence (tkpA). pCMV-MIE, EGFP, and tkpA are all antisense relative to L1 RP . At the very 3* end of the L1-EGFP transgene is the SV40 late 
polyadenylation sequence (SV40pA) derived from the pCEP4 cloning vector (Invitrogen). 5' truncation of the L1-EGFP insertion is depicted with a jagged line. 
Arrows depict the locations of the genoS (left) and geno3 (right) genotyping primers used in the PCR assay shown in 6 (not drawn to scale). (6) The geno5 and 
geno3 primers flank the intron in EGFP and give rise to two products, a 1.5-kb amplicon (corresponding to the intron-containing transgene) and an ~600-bp 
amplicon that lacks the 909-bp intron (corresponding to the insertion). Shown are the genotyping results on tail DNA from five offspring of founder 57 (lanes 
1-5). dw, distilled water; neg, genomic DNA from the tail of a transgene negative mouse; tg, LI -EGFP transgene; XIV, 100-bp ladder with bright bands at 500 
bp, 1,000 bp, and 2.6 kb (top band; Roche). 



purified (BiolOl; Qbiogene, Montreal) and cloned into pCR2.1 
(Invitrogen). Portions of the cloned amplicon were sequenced 
(Fig- 2). 

RT-PCR. RNA was extracted from mouse tissues using an RNAeasy 
midi kit (Qiagen, Chatsworth, CA) and digested with RNase-free 
DNAsel (Roche). cDNA synthesis was performed with AMV 
reverse transcriptase following the manufacturer's instructions 
(Roche). The SV40rev oligonucleotide was used to produce LI 
sense-strand cDNA (from the transgene), whereas the HSVtkrev 
oligonucleotide was used to produce EGFP cDNA (from the 
insertion). Each 50-/xI PCR contained 5 \l\ of 10X PCR buffer 



(Roche buffer 1 with 15 mM MgCb), 1 ^ of 10 mM dNTPs, 200 
ng of each oligonucleotide, 0.3 uJ of AmpliTaq Gold, and 5 jd of 
reverse transcriptase extension product. Amplifications were per- 
formed on a Peltier thermal cycler (Hybaid, Asford Middlesex, 
U.K.) by using the following program: 95°C for 15 min, followed by 
40 cycles of 95°C for 25 sec, 62°C for 30 sec, and 72°C for 90 sec. 
This was followed by a final extension at 72°C for 10 min and a 4°C 
hold. The following tissues were surveyed for LI sense-strand 
transcripts in Ll-EGFP line 57 transgenic mice: testis, pooled 
ovaries, spleen, liver, and brain. Testis, pooled ovary, liver, and lung 
were surveyed in Ll-EGFP line 59 transgenics. Testis and lung were 
surveyed in line 63 Ll-EGFP transgenics. EGFP transcripts were 
surveyed in testis, spleen, liver, and brain of mice with the insertion. 
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1 I I I I I 1 I I I I I 60 

aatatttacattacaLggtagtacttgtttataagccaaaaaaataaagaaatgattcat 

61 120 
ttaaatgtctaaccaggatcccatattaaaatatgctactagaaataaaccaattaaata 

121 180 
aaaccattaaatccaaatttatcatcataatccccccccccccccaatgtggcatttagc 

181 [raouoe B2 240 

tttaagaagcagtgcaaagagtctggacagatagctcagcggtcaagagcactgactgtt 

241 300 
cttctgagttcccagcaacgacatggtggctcacaatcatctgtaatgagatctgatgcc 

301 raouseB2] 360 

ctcttctggtgtgtctgaagacagcaacagtgtattcatacataaaaaaataaaataaat 1 

361 5'TSD 420 

aaat aaa t aaa t c C C t aaaaa aa a acag ta t a aa a g 1 1 a g t: r.g n. t AAAAATAAATTGTTC 

421 480 
TTCAAAAAACCAAACACCGCATATTCTCACTCATAGGTGGGAATTGAACAATGAGATCAC 

481 508 
ATGG AC AC AGGAAGGGGAATATC AC ACT * * * 

1 I I I I I I I 1 i I I 60 

AACCCAACTAGAATCCAGTGAAAAAAATGCTTTATTTGTGAAA 

61 SV40 pA 120 

TTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAAAAAAAAAAAAAAAAAA 

121 180 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA?y^ 

181 3' TSD 240 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATAAATTGTTCTaaac 

241 fmouse LI 300 

acatgaaactcaagaaagaatgaagactgaagtgtggacactatgcccctccttagattt 

301 360 
gggaacaaaacacccatggaaggagttacagagacaaagtttggagctgagatgaaagga 

361 420 
tggaccatgtagagactgccacatccagggstccaccccataatcagcatccaaacgctg 

421 480 
acaccattgcatacactagcaagattttattgaaaggacccagatgtagctgtctcttgt 

481 540 
gagactatgccggggcctagcaaacacagaagtggatgctcacagtcagctaatggatgg 

541 600 

atcatagggctcccaatggaggagctagagaaagtagccaaggagctaaagggatctgca 

601 660 
accctataggtggaacaacattatgaactaaccagtaccccggaactcttgactctagct 

661 720 
gcatatatatcaaaagatggcctagtcggccatcactggaaagagaggcccattggactt 

721 mouse LI] 780 

gcaaactttatatgccccagtacaggggaacaccagggccaaaaagggggagtgggtggg 

781 818 
caggggag tggggg tgggtgga ta tggggg t cc taggg 

Fig. 2. Nucleotide sequence of the L1-EGFP insertion flanks, the genomic 
sequences flanking the Ll-EGFP insertion are lowercase. L1-EGFP sequences 
adjoining the flanks are given in uppercase. The 5' flanking sequence is shown 
in the top portion of the figure, followed by the 3' flanking sequence in the 
bottom. Each flank is numbered separately. The complete L1-EGFP sequence 
(between the 5' and the 3' flanks) is not shown. The discontinuity correspond- 
ing to the L1-EGFP sequence is denoted by three asterisks at the end of the 
5' flank. Target site duplications (TSD) are in bold. The thymine at position 422, 
just downstream of the 5' TSD, is not present in the L1rp sequence at that 
position. A nucleotide blast search of the mouse genome database using 
sequences flanking the L1-EGFP insertion suggests that the insertion is on Mus 
musculus chromosome 4 (http://www.ncbi.nlm.nih.gov). 



Genotyping PCR. Genotyping PCR was carried out with the geno5 
and geno3 primers, 250 ng of tail DNA, and a mix like the one 
described for RT-PCR. Amplification conditions were 94°C for 
15 min, followed by 35-40 cycles of 94°C for 30 sec, 58°C for 30 
sec, 72°C for 90 sec. This was followed by a final extension at 72°C 
for 5 min and a 4°C hold. Tail DNA from Fo57 offspring with the 
insertion band by genotyping PCR were separately amplified by 
using intron primers (and the same amplification conditions) to 
confirm the presence (or absence) of the transgene. 

Primary Cell Cultures. A 5 X 5-mm portion of the inner aspect of 
the earlobe was harvested, washed three times in PBS, cut into 
smaller pieces, and compressed with the ribbed plunger of a 



syringe. Macerated tissue fragments were transferred to a sterile 
15-ml conical tube, pelleted by centrifugation, and digested in 
0.25% trypsin at 37°C for 1.5 h. The trypsin was neutralized with 
FCS, and the cells were pelleted and resuspended in 10 ml of 
fibroblast medium (DMEM with 4.5 g of glucose per liter and 
10% FCS supplemented with penicillin and streptomycin). Cells 
were cultured in T25 flasks at 37°C in a humidified atmosphere 
with 7.5% CO2. Tumor cells were isolated for culture by using a 
similar method, except that there were no washing steps before 
trypsin digestion, and trypsin digestion was carried out for 
«*30 min. 

Production of Ear Fibroblast Subclones. Fibroblasts were harvested 
by brief trypsin ization, neutralized with serum, pelleted, and 
resuspended in fibroblast medium. The cell suspension was 
serially diluted and cultured in 96-well flat-bottom plates 
(Nunc). Cultures were evaluated for cell growth by light micros- 
copy. Two groups of clones were used for analysis. One group 
consisted of eight subclones plated at a dilution at which at least 
two-thirds of the wells did not contain viable cells. A second 
group consisted of 11 wells that contained only one visible focus 
of cells. Lysates that typed negative by Ll-EGFP genotyping 
PCR had amplifiable DNA by PCR for glyceraldehyde phos- 
phate dehydrogenase. 

Lysates for PCR Analysis. Ear fibroblast cultures and blastocysts 
were subjected to hypotonic lysis for 10 min at 80°C and 
overnight digestion with proteinase K at 55°C. Digested lysates 
were boiled for 15 min to inactivate the proteinase K and were 
stored at -20°C until PCR was performed. Five microliters of 
lysate were used in 25-50 jd of PCR. 

Fluorescence Microscopy. Stereofluorescence microscopy was per- 
formed with a Leica MZFLIH stereofluorescent dissecting 
microscope, using a 100-W mercury bulb and the following 
filters: exciter HQ470/40 and emitter 515 nm LP (Chroma 
Technology, Brattleboro, VT). Images were captured by using a 
MagnaFire charge -coupled device (CCD) camera (Optronics 
International, Goleta, CA) and formatted in PHOTOSHOP (Ado- 
be Systems, Mountain View, CA). Blastocysts were imaged for 
fluorescence at x 200-400 with the MagnaFire CCD camera 
mounted on an inverted fluorescence microscope (DM-IL, 
Leica, Deerfield, IL). Long exposures revealed a consistent 
pattern of autofluorescence among all of the blastocysts at a 
given developmental stage. The following tissues were surveyed 
by stereofluorescence in all three lines of Ll-EGFP transgenic 
mice: liver, lung, heart, kidney, spleen, testis, ovary, uterus, 
skeletal muscle, and brain. In addition, thymus, bone marrow, 
eye, skin, and stomach were evaluated in line 57 Ll-EGFP 
transgenics. The following organs were evaluated by fluores- 
cence from mice with the Ll-EGFP insertion: liver, lung, heart, 
kidney, thymus, spleen, testis, ovary, uterus, brain, eye, and skin. 

Results 

We chose a human LI element, LIrp, to study retrotransposition 
in mice, because LIrp is highly active, undergoing retrotrans- 
position in approximately 1 of 30 cultured cells (20). Transgenes 
consisting of LIrp driven by its endogenous promoter, the 5' 
untranslated region (5' UTR), produced detectable transcripts 
only in the testis (E.T.L.P., unpublished data; ref. 17). Therefore, 
the mouse RNA polymerase II large subunit promoter (pol II) 
was added upstream of L1 RP to achieve a broader tissue distri- 
bution of LI expression (17, 21). The pol II promoter was added 
upstream of the 5' UTR because constructs in which the 5' UTR 
had been deleted were less active in the cell culture based 
retrotransposition assay (data not shown). The CMV-major 
immediate early (MIE) promoter was chosen to drive expression 
of EGFP because it was effective in producing fluorescent 
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Table 1. L1- EGFP genotyping data 

Breeding surveys 



Cross 


tg + 


14- 


tg+, 14* 


Negative 


Fo57 x WT 


13 


a 

s 


4 


17 


57tg+/- x WT(ortg-f) 


64 


0 


0 


41 


59tg+/- x WT (or tg+) 


54 


0 


0 


26 


63tg+/- (or 63Fo) x WT 


13 


0 


0 


24 


Blastocyst (B) and morulae (M) surveys 










Fluorescence 


Yes 


No 






57tg+/- x WT 


0 


198 






Single B or M PCR 


tg+ 


1+ 


tg+, 14- 


Negative 


57tg+/- x WT 


17 


0 


0 


18 


Ear fibroblast subclones from Fo57 










Clones 


tg+ 


1+ 


tg+ f 14- 


Negative 


19 


9 


0 


3 


7 



Three independent lines of L1-EGFP mice (57, 59, 63) were bred to screen for 
germ-line insertion events by genotyping PCR of tail ONA. Ail transgenes were 
maintained on the male line beyond the first generation. Fo57, line 57 
founder; 129/SvEmsJ, 57tg4/-, heterozygous for the line 57 L1-EGFP trans- 
gene; tg+, transgene positive; l+, has the L1-EGFP insertion. 



signals in the cultured cell assay and was known to be expressed 
in a wide range of tissues (19, 22). Transgene constructs were 
tested for retrotransposition activity in cultured HeLa cells 
before pronuclear injection. No EGFP-expressing cells were 
observed with a negative control construct that contained a 
nonfunctional LI element (JM111-EGFP). To control for inte- 
gration site effects on transgene expression and other unknown 
position effects on retrotransposition, we generated three inde- 
pendent lines of Ll-EGFP transgenic mice. 

PCR genotyping of offspring from an Ll-EGFP transgenic 
founder (founder number 57, Fo57) revealed a low molecular- 
weight amplicon that was consistent in size with a spliced 
Ll-EGFP fusion and a high molecular-weight amplicon that was 
consistent with the original transgene (Fig. lb). DNA sequence 
analysis confirmed the identities of both bands. 

To verify that the spliced Ll-EGFP sequence arose via 
retrotransposition, we cloned the genomic flanks of the LI 
insertion by inverse PCR. The insertion is a truncated LI, 
consisting of 208 base pairs of the LIrp ORF2 and the 3' UTR 
containing the entire EGFP cassette lacking the intron (Fig. 2). 
LI insertions often truncate within the most downstream kilo- 
base of the LI sequence (23). This particular insertion is flanked 
by target site duplications having the sequence AAAAATA- 
AATTGTTCT. Genomic LI target sites are characteristically 
7-20 nt in length and AT rich (2). The presence of target site 
duplications is consistent with an endonuclease-dependent ret- 
rotransposition event. In the 3' flank, the target site is preceded 
by a polyadenylate tail, which originates from the SV40pA signal. 
The 5' genomic flank contains part of a mouse B2 element, 
whereas the 3' genomic flank contains 506 bases of the 3' end 
of a mouse LI element (Fig. 2). 

Of 42 offspring from Fo57, 13 inherited the transgene, 8 
inherited the insertion, 4 inherited both, and 17 inherited neither 
(Table 1). Thus, the insertion segregates from the transgene in 
offspring of Fo57, indicating that it is likely to be at a significant 
physical distance from the transgene. Frequent transmission of 
the insertion could be due to multiple independent insertions in 
the germ cells of the founder or to a single insertion that took 
place in a cell that ultimately gave rise to «=30% of germ cell 
precursors. To distinguish between these two alternatives, we 
performed Southern analysis of genomic DNA from tail biopsies 
of four different offspring harboring the insertion -sized PCR 
amplicon. When probed with EGFP exonic sequence, all of the 
mice with the insertion shared the same sized band (data not 



Fig. 3. EGFP fluorescence in the seminiferous tubules of Fo57. (a) Stereof luo- 
rescent image (x 20), testis (fresh tissue) from Fo57. (6) Fluorescent light image 
<x200, frozen section from Fo57 testis. GFP fluorescence (dark green) is 
restricted to the seminiferous tubule in the lower right. Interstitial areas are 
autof I u orescent (yellow-green speckled pattern). 

shown.) This result was confirmed with a second restriction 
enzyme and implies a single retrotransposition event. 

At the age of 11.5 mo, Fo57 was killed because of a rapidly 
growing 9-g tumor originating from the right leg/hip. On the 
basis of histology, we believe that the tumor is a high-grade 
sarcoma, possibly a rhabdomyosarcoma (data not shown). Very 
few tumors and no sarcomas have been reported in the strain 
of Fo57, (SJL/B6)F1 (http://tumor.informatics.jax.org). The 
freshly harvested tumor was not fluorescent, nor was GFP 
fluorescence detected in frozen sections of the tumor. How- 
ever, tumor DNA contained both the transgene and the 
insertion by PCR (data not shown). We have intercrossed mice 
carrying the line 57 transgene and have not seen any tumors 
in offspring (now up to 6 mo of age), including those that are 
homozygous for the transgene. We have also intercrossed mice 
carrying the insertion and have not observed any tumors to 
date in the homozygous offspring (now 6 mo of age). Given the 
late age of tumor onset in the founder and the absence of 
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Fig. 4. Tissue DNA PCR surveys in Fo57. Genomic DNA from Fo57 tissues (liver, 
intestine, cerebrum, and lung) was amplified with genoS and geno3 primers. 
A short extension time was used to favor the smaller amplicon (corresponding 
tothe L1 -EG FP insertion) relative to the larger amplicon (corresponding to the 
transgene). MW, 100-bp molecular weight ladder; dw, water; 2205, tail DNA 
from a line 57 mouse that has the tra nsgene (present in one to five copies) and 
the single copy insertion. 

similar tumors in other line 57 mice with the transgene or the 
insertion, the development of this tumor is likely unrelated to 
the transgene or the LI insertion. 

The only organ with demonstrable fluorescence in Fo57 was 
the testis (Fig. 3a). On frozen section, GFP was discernible in 
individual seminiferous tubules (Fig. 3b). This pattern of uni- 
form fluorescence across longitudinal aspects of single tubules 
suggests that cells giving rise to segments within the tubules 
already contained the Ll-EGFP insertion (24). Given the evi- 
dence for a single insertion event among offspring inheriting the 
insertion, this pattern of fluorescence suggests that these seg- 
ment-producing cells were derived from an earlier precursor cell. 
To determine whether the precursor cell gave rise to any tissues 
other than the testis, Fo57 genomic DNA was extracted from the 
liver, small intestine, cerebrum, and lung and amplified for 
Ll-EGFP. Amplicons corresponding to the transgene and the 
insertion were obtained in all of these tissues (Fig. 4). It is 
possible that only a few cells or even a single lineage of cells 
harboring the insertion could account for these results. Alter- 
natively, metastatic spread of the tumor could have seeded these 
different organs. However, we disfavor the theory that the 
insertion arose in a tumor cell, because it is inconsistent with the 
pattern of fluorescence seen in the testis, which also shows no 
gross or microscopic evidence of tumor (Fig. 3). 

To assess mosaicism in Fo57 directly, we cultured ear fibro- 
blasts and produced monoclonal subclones by limiting dilution. 
Of 19 subclones, 7 were negative for both the transgene and the 
insertion (but contained amplifiable DNA), 9 had the transgene, 
and 3 had both the transgene and the insertion (Table 1). These 
results confirm that Fo57 is mosaic for the transgene and the 
insertion. They also indicate that the Ll-EGFP retrotransposi- 
tion event occurred at an early stage of development. 

The Ll-EGFP insertion resulted in heritable fluorescence 
that was restricted to the testis. Fig. 5 shows that the testis from 
a mouse that inherited the insertion from Fo57 is fluorescent, 
whereas testes from WT littermates are negative. Sperm were 
not fluorescent, possibly due to cytoplasmic loss during sper- 
matogenesis or lack of EGFP expression in this cell type (25). 
We were surprised that fluorescence was limited to the testis 
in mice that had inherited the insertion, given the broad 
pattern of expression of the CMV-MIE promoter in transgenic 
mice (22). EGFP sense-strand RNA was readily detected by 
RT-PCR in the testis and was present at lower levels in 




1+ WT 

b 




Fig. 5. EGFP fluorescence in the testes of mice inheriting the L1-EGFP 
insertion, (a) Transmitted light image, testis from an F1 mouse with only the 
insertion , son of Fo57), and a WT littermate. (6) Stereofluorescent light 
image, same testis pair as in a. 

multiple organs outside of the testis (data not shown). Lower 
levels of EGFP transcripts in organs outside of the testis 
suggest that decreased or undetectable fluorescence could be 
explained by decreased transcript abundance. DNA sequence 
analysis revealed no mutations in the CMV promoter in the 
insertion. 

We searched for somatic retrotransposition events by survey- 
ing numerous organs from all three lines of Ll-EGFP mice for 
EGFP fluorescence. All organs surveyed were negative (see 
Materials and Methods). These findings suggest thai the fre- 
quency of somatic retrotransposition of the Ll-EGFP transgene 
is low. One possible explanation for the low frequency is that the 
transgene or the marker gene is rarely expressed or not readily 
detected in somatic tissues. Consistent with this explanation, 
sense-strand LI RNA was low or undetectable in organs other 
than the testis in several independent RT-PCR experiments 
(data not shown). 

Given the low levels of LI transcripts in organs other than the 
testis, we focused on looking for germ-line retrotransposition 
events in transgenic animals. Of 222 offspring from three 
independent lines of Ll-EGFP transgenic mice, 131 were trans- 
gene positive, 91 were transgene negative, and none exhibited a 
spliced Ll-EGFP product by PCR (Table 1). We also assayed 56 
morulae and 142 blastocysts derived from mating a heterozygous 
transgene positive line 57 male to superovulated WT females. 
None of the blastocysts or morulae was fluorescent. It is possible 
that the EGFP marker is not expressed in blastocysts. Therefore, 
we looked for retrotransposition events by PCR of single blas- 
tocyst lysates with primers flanking the EGFP intron. Of 35 
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lysates surveyed, approximately half were transgene positive, and 
none contained the smaller spliced product (Table 1). Taken 
together, these findings lead us to a conservative estimate of an 
Ll-EGFP germ-line retrotransposition frequency of <1 in 100. 

Discussion 

We have traced the origins of an LI retrotransposition event to 
an early stage in the embryonic development of a mouse, Fo57. 
Fo57 is mosaic for the insertion as well as the Ll-EGFP 
transgene. This is demonstrated visually for the LI insertion by 
expression of EGFP in some but not all tubules within the Fo57 
testis (Fig. 3a). Mosaicism is also supported by our limiting 
dilution analysis of skin fibroblasts of Fo57, in which we recover 
cells that are either transgene positive, transgene and insertion 
positive, or negative for both (Table 1). These three different 
genotypes indicate that the insertion took place after the two-cell 
stage, possibly as early as the four-cell stage. 

Little is known about the activity of LI elements during the 
early stages of mouse development. Others have shown that 
full-length LI transcripts can be found in murine blastocysts (26). 
LI ORF1 protein and sense-strand LI RNA are expressed in 
male and female murine germ cells and embryos (15, 16). 
Recently Lis have been demonstrated to retrotranspose in male 
germ cells (17). Retrotransposition in germ cells is an attractive 
strategy for a genomic parasite. In theory, germ cells could 
tolerate a high rate of retrotransposition without significantly 
reducing the reproductive fitness of the host, but the chances of 
transmitting a particular insertion to the offspring are low. Here 
we provide evidence for another approach for LI to colonize the 
genome: embryonic retrotransposition. An LI retrotransposon 
that inserts in an embryonic cell (or germ cell precursor) has 
greatly increased its chances of propagating that insertion to the 
next generation, unless the insertion is deleterious to the host. 

It is possible that the Ll-EGFP insertion observed here 
originated from an extrachromosomal source. Clearly it is mech- 
anistically allowable for retrotransposition to proceed from an 
extrachromosomal substrate, such as a plasmid in the cultured 
cell assay (18). Here we show that the cellular machinery exists 
for an LI of unknown structure (extrachromosomal or chromo- 
somal) to retrotranspose during early development. 

We have been unable to identify any germ-line LI retrotrans- 
position events in any of the 222 progeny and 198 blastocysts 
derived from our Ll-EGFP transgenic mice. These results differ 
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significantly from the retrotransposition frequency of 1 in 70 
sperm observed by Ostertag et al. (17) in one of their Ll-EGFP 
transgenic lines. Chromosomally based Lis or multicopy trans- 
gene arrays may be subjected to a variety of constraints that 
could limit LI mobility, including transcriptional inhibition by 
methylation or posttranscriptional silencing (27). It is possible, 
for example, that the integration sites of our transgenes were 
unfavorable compared with the most active line in Ostertag et al. 
Alternatively, the difference in rate could be due to differences 
in the transgenes themselves, such as the promoters driving the 
EGFP marker gene. EGFP is likely to be transcribed in both the 
sense and antisense directions (relative to LI) in our Ll-EGFP 
transgenic mice. The EGFP transcript, originating from the 
CMV-MIE promoter, is expressed in multiple tissues and may be 
active at a very early stage of development, unlike the acrosin 
promoter used by Ostertag et al (17), which appears to be 
restricted to the male germ line (22, 28). The EGFP transcript 
(which is antisense relative to LI) may inhibit LI transcription 
or form dsRNA that targets other Ll-EGFP transcripts 
for destruction. 

Ll-EGFP transgenics may prove useful in determining 
whether altered host cell characteristics (such as tissue injury, 
neoplastic transformation, defective DNA repair machinery, or 
altered RNA regulation) result in increased LI mobility. If Lis 
can be induced to retrotranspose at high frequencies, they could 
also be used as cell lineage markers. The LI insertion perma- 
nently tags the cell in which it arose and all of the descendants 
of that cell. As LI insertions accumulate, a dendogram of lineal 
descendants could be created. 
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Abstract 

We identified a novel spontaneous mouse model of human congenital muscular dystrophy with laminin ct2 chain deficiency, named dy Pas / 
dy Pas , Homozygous animals rapidly developed a progressive muscular dystrophy leading to premature death. Immunohistological and 
biochemical analyses demonstrated the absence of laminin ct2 chain expression in skeletal muscle. Analysis of the laminin ct2 chain 
cDNA showed the insertion of the long terminal repeat of an intracisternal A-particle gene. In addition, a 6.1 kb insertion composed of 
retrotransposon elements was identified in the Lama.2 sequence. The dy Pas /dy Pas mouse is thus the first spontaneous mutant with a complete 
laminin a2 chain deficiency in which the mutation has been identified. 
© 2002 Elsevier Science B.V. All rights reserved. 

Keywords: Muscular dystrophy; Animal model; Skeletal muscle; Laminin ot2 chain; Long terminal repeat; Retrotransposon 



1. Introduction 

Congenital muscular dystrophy (CMD) is a heteroge- 
neous, autosomal recessive, neuromuscular disorder mainly 
characterized by hypotonia and contractures at birth, early 
muscle fiber degeneration, muscle fibrosis and white matter 
abnormalities [1,2]. Mutations in the LAMA2 gene encoding 
the laminin a2 chain lead to a partial or complete deficiency 
in the expression of the protein in about half of the patients 
[3]. Mutations resulting in partial deficiency are usually 
associated with a less severe phenotype [4,5]. The ot2 
chain is a component of laminin-2 (formerly merosin, [6]) 
and laminin-4, extracellular matrix proteins formed by the 
association of three subunits: a, p and y. The laminin-2 
heterotrimer is composed of ot2, pi and 7I chains and is 
mainly expressed in the basal lamina of skeletal and cardiac 
muscle cells, trophoblasts, Schwann cells and cells of 
mesenchymal origin. 

Two spontaneous mutant strains representing animal 
models for CMD with laminin a2 chain deficiency have 
been described, namely the dystrophia muscularis dy/dy 
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[7] and dy 2J /dy 2J [8]. The identification of laminin a2 
chain deficiency in the dy and dy 11 mice [9-11] has validated 
these animals as useful tools for investigating etiopatho- 
genic hypotheses or therapeutic strategies. As in human 
CMD, the disease is transmitted as an autosomal recessive 
trait. The murine Lama2 gene is involved in the pathology 
of the dy and dy 7 * animals, but to date the exact mutation has 
been characterized only in the dy 2J /dy 2J mice: a point muta- 
tion in a splice site leads to the formation of a truncated but 
partially functional a2 chain leading to a more benign 
phenotype [12,13]. 

Two knock-out mouse models of laminin ot2 chain defi- 
ciency have recently been described. The dy 3k /dy 3k [14] and 
the dy w /dy w [15] mice develop early and severe clinical 
signs of muscular dystrophy. 

In the present study, we describe a new allele, dy pas , 
which spontaneously arose at the Pasteur Institute in Paris. 
The affected animals were first identified by the presentation 
of an early and severe phenotype of muscular dystrophy. We 
thus performed analyses of the mutant at the clinical, histo- 
logical, biochemical and genetic levels and demonstrated 
that this strain represented an additional model for human 
CMD with laminin ct2 chain deficiency. Unfortunately, this 
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description has a historical interest, since the strain is now 
extinct. 



2. Materials and methods 

2.1. Mouse strains 

The new spontaneous mutation was first observed in 1994 
at the animal facility of the Pasteur Institute in Paris 
(France) among the offspring of a F2 progeny during a 
linkage experiment. For the allelism assay, heterozygote 
+ldy breeders were obtained from The Jackson Laboratory 
(Bar Harbor, ME) and crossed with breeders of the new 
mutant mouse, and the clinical phenotype of the offspring 
was observed. 

2.2. Histological observation and immunofluorescence 

The mice were euthanized and sural triceps samples were 
taken and snap frozen in nitrogen-cooled isopentane without 
prior fixation. Ten |xm thick transverse cryosections were 
stained with hematoxylin-eosin. 

The rabbit polyclonal Ab804 directed against the C-term- 
inal 80-kD domain of the al chain was used for immuno- 
histofluorescence experiments [16]. Seven- \xm thick 
transverse cryosections were fixed in ice cold acetone for 
10 min. Non-specific binding was blocked using 5% fetal 
bovine serum (FBS) in phosphate buffered saline (PBS) for 
30 min. The sections were then incubated for 2 h at 37°C 
with Ab804 (1/200 dilution). Following several washes with 
0.5% FBS in PBS, sections were incubated for 1 h at 37°C 
with CY "-conjugated anti-rabbit IgG (1/200 dilution, Jack- 
son Immunoresearch Laboratories, Inc, Baltimore, USA). 
Muscle sections were then photographed using a Zeiss fluor- 
escence microscope. The exposure time was established 
using a preparation of wild type mouse muscle. 

2.3. Protein detection by immunoblotting 

Muscle biopsies were processed as previously described 
[16]. Briefly, biopsies were homogenized in 50 mM Tris, pH 

7.4. and 150 mM NaCl (A buffer), containing protease inhi- 
bitors (2 mM PMSF, 4 mg/ml Aprotinin, and 4 mg/ml 
Leupeptin) using a polytron. Following centrifugation at 
14 000 Xg for 15 min at 4°C, proteins were extracted in 
the A buffer containing 20 mM EDTA. After subsequent 
centrifugation, supernatants were solubilized by boiling in 
an sodium dodecyl sulfate (SDS)-containing loading buffer. 
Proteins were separated on SDS-PAGE gels, followed by 
overnight transfer onto nitrocellulose. Immunoblots were 
incubated with mouse 2D9 antibody directed against the 
300 kD fragment of the al chain [17] (1/1000 dilution) 
and detected by chemiluminescence (Pierce ECL, Inter- 
chim). 



Disorders 13 (2003) 216-222 217 

2.4. Genetic mapping 

Female +fdy Pas heterozygous carriers were mated with 
MAI males. Fl mice were test-crossed with heterozygous 
carriers in order to select Fl MAUPas inbred heterozygous 
carriers which were then intercrossed. Liver genomic DNA 
from 30 affected F2 mice was extracted [18]. The genotype 
of each animal was determined by non-radioactive polymer- 
ase chain reaction (PCR) for a series of polymorphic micro- 
satellites spanning the entire mouse genome [19] and 
analyzed with the MAPMANAGER software [20]. 

2.5. Reverse transcription (RT)-PCR and cDNA sequencing 

Total RNA was isolated from control and dy Pas /dy Pas 
skeletal muscle using RNA Plus Biophenol (Bioprobe 
Systems, France). RNA was reverse transcribed using the 
cDNA synthesis kit (Amersham Pharmacia Biotech) with 
random hexadeoxy nucleotides primers. Eight overlapping 
primer pairs previously described [10] were used to amplify 
the full-length al chain cDNA [13]. PCR products were 
subcloned in the PGEM-T vector system (Promega 
Corporation, Madison, USA) and sequenced on an auto- 
mated sequencer (ABPrism 377, Applied Biosy stems) 
with the Taq cycle sequencing kit (Perkin Elmer, Applied 
Biosystems, Foster City) using fluorescent dideoxynucleo- 
tides and one of the PCR primers. 

2.6. Analysis of genomic DNA 

Genomic DNA was isolated from skeletal muscle and 
tails. For the wild type mouse, primers used for the ampli- 
fication of DNA were designed from the sequence of the 
control mouse al cDNA covering nucleotides 5002-5276 
which correspond to exons 34 and 35 in the human al chain 
cDNA (exXF 5'-GCTGAGAGGACCAACTCCAGAGC- 
3'; exYR 5'-GCTCCTCCAAGTTTCTCTCTGCTG-3'). 
These primers were used under the following conditions: 
94°C for 1 min, followed by 30 cycles of 94°C for 30 s, 
annealing and elongation at 68°C for 5 min, and a final step 
of 68°C for 5 min. PCR products were subcloned and 
sequenced. For the dy Pas /dy Pas mouse, the primers were 
designed from the cDNA sequence of the dy Pas /dy Pas 
mouse (exF: 5 '- ACTCC AG AGC AG AATCCTTG-3 ' ; insR: 
5'-ATAAGACAGCAGAGAGAAACT-3 '). This pair of 
primers was used under the following conditions: 35 cycles 
at 94°C for 30 s, annealing at 58°C for 1 min and 72°C for 2 
min. DNA was amplified in 50-u,l reactions with 80 ng of 
template DNA using Boerhinger (Boehringer Mannhein 
GmbH, Germany) Taq polymerase. Amplified products 
were sequenced. 

Entire intronic insertion was amplified from the dy Pa5 / 
dy Pas mouse with the ExpandTM Long template PCR 
system kit (Boehringer Mannheim GmbH, Germany) 
using primers IntF (5'-CGCATTAAGTGAGCAACGA- 
CAGT-3') and IntR (5 '-GCGAACTACGGAC AAAATGC- 
CAG-3'). PCR-amplification conditions were as follows: 
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Fig. 1. Phenotypical, histological and immufluorescence characterization of 12 week-old wild-type (A, B, D) and mutant dy "/dy " (A, C, E) mice. 
Cryosections of skeletal muscle of normal (B) and homozygous dy pa */dy p<u (C) mice were stained with hematoxylin and eosin. Muscle fibers are of variable 
size and some present centrally placed nuclei. The proliferation of connective tissue between the individual muscle fibers is apparent. Original magnification: 
XI 60. Localization of the laminin <x2 chain was investigated by immunostaining of 7-p.m cryosections from normal (D), and dy Fa */dy pta (E) skeletal muscle 
with a polyclonal antibody. Normal labeling around muscle fibers was observed only in control mice. In mutant mice, the immunostaining intensity was 
markedly decreased. Original magnification: X 125. 



93°C for 1 min; 93°C for 20 s between each cycle; 30 cycles 
at 58°C with cycle elongation for more yield of 10 s for the 
last ten cycles; extension at 68°C for 10 min; and a 
prolonged elongation time up to 7 min at 68°C. Finally, 
the PCR products were subcloned and sequenced. 



3. Results 

5.7. Phenotype of the dy Pa5 /dy Pa * mouse 

Animals were derived from a non-inbred agouti back- 
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Fig. 2. Immunoblot analysis of control and dy "/dy " mice using the 
monoclonal anti-laminin a2 chain. Extracts of skeletal muscle from control 
mice (2, 4) and df™ mice (1, 3). The dy Pas /dy Pas mice lack the 300 kDa 
segment 

ground. By 2 weeks of age, affected animals were less active 
than their littermates, and clinical signs became evident 
within the third week (Fig. 1). When held by the tail, the 
mice were unable to keep their posterior legs in a tonic 
flexion position and presented repetitive jerking movements 
of flexion and extension. They also started waddling and 
finally developed contractures, joint deformities and weak- 
ness. In the subsequent weeks, the posterior legs were 
immobilized and the mice were dragging themselves when 
crawling in the cages. The anterior legs were also affected 
and the mice were supporting themselves on their elbows, 
and using their anterior legs as oars to crawl in the cages. A 
kyphoscoliosis developed. The mice remained small, 
became cachectic and poorly active after weaning, with a 
body weight never exceeding 12 g. The clinical signs 
rapidly worsened within the last 3 weeks of life. At this 
stage the mice were extremely weak, cachectic, they lost 
mobility control and presented polypnea. The animals never 
lived longer than 13 weeks. We could never obtain sponta- 
neous breeding of the dy Pas /dy Pas mice. 

3.2. Localization of the disease locus 

We found linkage of the dy Pas locus with mouse chromo- 
some 10 microsatellite markers placing the mutation 
between DI0Mitl5 and D10MU16 [18] in the genomic 
region harboring the Lamal gene. A complementation test 
with the original allele dy was performed by crossing a 
heterozygous carrier of this mutation and a heterozygous 
carrier of the Lamal** mutation. Two out of ten mice 
from this cross displayed the clinic features of the homo- 
zygous affected mice demonstrating the inability of the dy Pas 
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mutation to complement the Lamal**. This test confirmed 
allelism of the two mutations. 

3.3. Histological and immunochemical analysis 

The main histopathological changes observed in the 
homozygous dy Pas mice (Fig. 1C) were variation in fiber 
size, centrally located nuclei, muscle fiber necrosis, and 
peri- and endomysial connective tissue proliferation. 
These lesions are characteristic of congenital muscular 
dystrophy in mouse and human. 

Immunofluorescence localization of the laminin al chain 
in skeletal muscle from wild-type and dy Pas /dy Pas mice was 
examined using a polyclonal rabbit antibody against the C- 
terminal portion of the al chain. Normal expression of this 
protein at the basal lamina surrounding each muscle fiber 
was observed in the control (Fig. ID) while the immuno- 
staining was absent in the mutant mice (Fig. IE). A defi- 
ciency of the laminin a2 chain in dy Pas /dy Pas skeletal muscle 
was confirmed by Western blot (Fig. 2). Using the 2D9 
antibody, the 300 kDa fragment of ot2 chain was detected 
in normal, but not dy Pas /dy Pas muscle. 

3 A. Identification of the dy Pas /dy Pas mutation 

Analysis of muscle RT-PCR products covering the lami- 
nin ot2 chain coding region revealed a larger fragment size 
in the dy Pas /dy Pas than in the control (1377 versus 1087 bp) 
(Fig. 3 A). Sequencing of the abnormal product revealed a 
290 bp insertion at nucleotide position 51 13. The insertion 
showed high homology with a 5' long terminal repeat (LTR) 
intracisternal-A particle element (LAP; 99% similarity; 
GenBank accession no. M59201/M64837/K01235). To 
further characterize the nature of the rearrangement, we 
amplified, cloned and sequenced the region from control 
and mutant DNA with various combination of primers. 
Alignment of mouse Lamal and human LAMA2 [21] 
sequences indicated that the 290 bp insertion occurred 
between exons 34 and 35. Using long range PCR with intro- 
nic primers, a 6215 bp insertion was found at position +325 
of the intronic sequence between exons 34 and 35 in the 
dy Pas /dy Pas mouse. This insertion was composed of (T) 56 , a 
290 bp sequence corresponding to a 5' LTR-IAP element 
and a F-type mouse LI retrotransposon. The complete 
sequence is available at GenBank, accession number 
AJ277888. The two sequences, CAAAG preceded by a pyri- 
midine-rich region (56 T) and GTGAGT, which flank the 
inserted IAP-LTR element, fit with the characteristic 3' and 
5' splicing consensus sequences, YNYAG and GTRAGY, 
respectively (Fig. 3B). These cryptic sites in the retrotran- 
sposon are thought to be responsible for the 290-bp insertion 
in the transcript. The translational reading frame was 
thereby shifted from amino acid position 1706 and a stop 
codon appeared 12 codons later. The abnormal transcript 
was the main spliced product in skeletal muscle and 
would induce a putative protein lacking most of domains I 
and II, and the C-terminal G globular domain. 
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Fig. 3. (A) Analysis of control (+/+) and dy Pas /dy Pas (-/-) Lama2 cDNA by RT-PCR. The mutant fragment was larger than in the control. (B) Part of the 
nucleotide sequence of dy ?as /dy ?as mouse intron corresponding to the genomic insertion. Part of the mutant sequence is given with the exons in captions, normal 
intronic in small letters, mutant sequence in small bold letters. The consensus splice sites are boxed, and the abnormally spliced sequence underlined. The 
sequences corresponding to primers are underlined with dotted lines. The mutant intronic sequence has been deposited in GenBank (accession number: 
AJ277888). 



4. Discussion 

The spontaneous mutant mouse described here is the first 
animal model of human CMD with complete laminin a2 
chain deficiency in which the mutation has been identified. 
In fact, no mutation has been reported in the dyldy dystrophic 
mouse, which expresses a very low level of laminin-2, and is 
severely affected. Only a single base mutation that causes an 
aberrant splicing of the Lamal gene has been identified in the 
allelic dy 2J /dy 2J mouse, a spontaneous mutant with partial 
laminin-2 deficiency, with a less severe disease. 



Unfortunately, multiple attempts to transfer embryos and 
expand the colony according to pathogen-free conditions 
failed, and the strain consequently became extinct. The 
present description is therefore mainly of historical interest. 

The phenotype of the dy Pas /dy Pas mice resembles the dy/ 
dy more closely than the dy v /dy 2J mice, with a rapid 
worsening of clinical signs and a shorter life expectancy. 
It is worth noting that the dy Pas /dy Pas animals were not of the 
same genetic background as the dy/dy and dy /dy animals. 
Although it was reported that varying the genetic back- 
ground of dy/dy animals did not change the clinical status 
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dramatically [22,23], this difference may nevertheless 
account for subtle variations between clinical signs, such 
as susceptibility to ptosis. 

Analysis of skeletal muscle histology demonstrated the 
absence of the laminin al chain. The muscle tissue shows a 
variability of muscle fiber diameter and a connective tissue 
proliferation. 

We have demonstrated that the disruption of the laminin 
al chain gene is caused by a 6.1 kb insertion of LTR-IAP 
and F-type LI retrotransposon elements in an intron of the 
Lamal gene. These elements are classically present in 
multiple copies in mammalian genomes, in which they 
retrotranspose through an RNA intermediate step. In 
man, three inherited disorders resulting from exonic LI 
retrotransposition have been described: (1) LI insertion 
into the factor VIA gene in two patients with haemophilia 
A [24]; (2) LI insertion in the dystrophin gene in one 
patient with Duchenne muscular dystrophy [25]; and (3) 
LI insertion in the fukutin gene of one patient with a 
severe form of Fukuyama-type congenital muscular dystro- 
phy [26], In mouse, the spa model is due to an LI insertion 
into the glycine receptor fj-subunit gene [27,28]. Although 
LI retrotransposons have been involved both in human and 
murine diseases, IAP elements are present in murine 
genome in about 2000 copies, but have not yet been iden- 
tified in the human genome [29-34]. IAP are flanked by 5'- 
and 3'-LTRs which contain regulatory sequences required 
for transcription of viral genes. In addition to directing 
their own transcription, LTRs are able to promote the tran- 
scription of adjacent cellular sequences. Mouse mutations 
have been shown to be caused by IAP element insertions 
into exonic and intronic sequences that would introduce 
cryptic splice sites and disrupt normal transcript proces- 
sing. Several examples have been described, such as: inte- 
gration into the intron of an actively transcribed 
immunoglobulin gene [35]; insertion in the tyrosinase 
promoter [36]; insertion into Eyal gene [37]. Interestingly, 
in the dy Pas /dy Pas mouse, the insertion is composed of both 
LI and LTR-IAP elements at the genomic level, but only 
the 5'-LTR sequence of the IAP is present at the mRNA 
level. By comparison between the cDNA and genomic 
sequences, we concluded that the insertion in the dy Pas / 
dy Pas mouse creates cryptic sites and allows the splicing 
of LTR element. 

The 290-bp insertion produces an aberrant transcript, 
which would result in a putative truncated protein devoid 
of domain I + II and the C-terminal G domain. In laminin-2, 
domain I -I- II is involved in the formation of the coiled-coil 
long arm. In muscle, the laminin al chain attaches through 
the globular G domain with a-dystroglycan and integrin 
a7pi and provides a link between the extracellular matrix 
and sarcolemmal cytoskeleton [38]. Histopathological 
changes have been identified in both dy/dy and dy 2J /dy 2J 
basement membranes [10,12]. From these observations, 
one may hypothesize that the absence of the laminin al 
chain in dy Pas /dy Pas mice leads to disruption of the basal 



221 

lamina and to weakened anchorage of muscle fibers to extra- 
cellular matrix, leading to muscular dysfunction. 
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